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HIGHLIGHTS 


• TGA analysis of karanj fruit hulls (KFH) and its hydrochar were investigated. 

• KFH decomposed much faster than that KFH-HTC hydrochar. 

• An increased heating value and activation energy were observed in hydrochar. 

• The decomposition mechanism was mainly controlled by lignin content. 
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The pyrolysis of karanj fruit hulls (KFH) and karanj fruit hull hydrothermal carbonization (KFH-HTC) 
hydrochar was thermogravimetrically investigated under a nitrogen environment at 5 °C/min, 
10°C/min, and 20°C/min. The pyrolysis decomposition of KFH biomass was faster than that of 
KFH-HTC hydrochar because of the high volatility and fixed carbon of KFH biomass. Weight loss percent¬ 
age was also affected by the heating rates. The kinetic data were evaluated with the Kissinger-Akahira- 
Sunose and Flynn-Wall-Ozawa methods. The activation energy values obtained with these two methods 
were 61.06 and 68.53 kj/mol for KFH biomass and 130.49 and 135.87 kj/mol for KFH-HTC hydrochar, 
respectively. The analysis of kinetic process mechanisms was verified with the Coats-Redfern method. 
KFH-HTC hydrochar may play a potential role in transforming biomass to energy-rich feedstock for 
thermochemical applications because of its high heating value, high fixed carbon, and low ash and sulfur 
contents. 

© 2014 Elsevier Ltd. All rights reserved. 


1. Introduction 

Biomass refers to organic carbonaceous materials, such as wood 
products, dried vegetation, crop residues, and aquatic plants, 
which produce stored energy through photosynthesis by using 
solar energy. This latent energy in biomass is one of the earliest 
energy sources of humans. In the last two decades, biomass-based 
energy has been extensively utilized to generate electricity 
because of the low-cost waste it generates and its indigenous char¬ 
acteristic. Nearly 15% of the world’s total energy consumption and 
as much as 35% of the energy used in developing countries, mostly 
for cooking and heating, come from biomass (Balat and Ayar, 
2005). Woody biomass is popular in both household and industrial 
applications because of its high calorific value. It also produces less 
sulfur and greenhouse gases compared with coal-based fossil fuel. 
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However, the major problem associated with woody biomass use is 
forest denudation, which causes irreversible erosion patterns and 
thus alters ecosystem structure. Extensive research is underway 
to determine alternative sources of wood-based biomass, which 
are not only cheap but produce abundant renewable waste, for 
energy generation; examples of renewable waste are those from 
the different waste biomasses (Kamarudin et al„ 2013). 

Biomass can be converted to valuable energy forms through 
thermal, biological and mechanical, or physical processes (White 
et al„ 2011). Pyrolysis is the most widely used thermal decomposi¬ 
tion process for biomass that occurs in the absence of oxygen; the 
products of biomass pyrolysis include char, bio-oil, and gases in an 
array of simultaneous parallel reactions (Demirbas, 2009). The 
ldnetics for thermal decomposition mainly regulates the conver¬ 
sion process of biomass to obtain the desired final energy products. 
Therefore, accurate kinetic models are imperative to the efficient 
utilization of particular biomasses and to the competent process 
design and scaling in real industrial applications for energy gener- 
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ation. Many methods have been used to describe pyrolysis kinetics 
data, and these can be generally categorized into model-fitting and 
model-free (isoconversional) methods. Both techniques have 
advantages and disadvantages that are described in several studies 
(Slopiecka et al., 2012). 

Hydrothermal carbonization (HTC) is a wet pyrolysis biomass 
process that is used to yield a solid coal-like product, called hydro¬ 
char, under mild conditions (Funke and Ziegler, 2010). The physical 
and chemical properties of hydrochar are different from those of the 
char produced by dry pyrolysis. HTC usually has a higher solid yield 
than dry pyrolysis, and it does not need to dry the biomass before 
pyrolysis unlike traditional dry pyrolysis. The uses of wet biomass 
to convert energy-dense solid fuels offer new opportunities in the 
energy sector. HTC char is also nontoxic, whereas its low sulfur con¬ 
tent makes the product easy to transport and store. These character¬ 
istics inherently overcome some disadvantages of coal. Hydrochar 
has been successfully used in several applications as a soil ameliora¬ 
tor, adsorbent, catalyst, and ion exchanger, to name a few (Funke and 
Ziegler, 2010). The detailed reaction mechanisms in the HTC process 
remain unknown, but hydrolysis, dehydration, decarboxylation, 
aromatization, and condensation polymerization may be involved 
(Libra et al., 2011 ). Chemically, lignocellulosic biomasses are mainly 
composed of cellulose, hemicellulose, lignin, and some extractives. 
Hemicellulose is a branched polymer with a low degree of polymer¬ 
ization and is lacking in repeating p~(l-4)-glycosidic bonds; there¬ 
fore, 90% of hemicellulose is dissolved in a hot and pressurized 
atmosphere during the hydrothermal process (Reza et al., 2013). 
Cellulose consists of highly ordered crystalline structures as a result 
of the strong hydrogen bonds to other cellulose molecules, hemicel¬ 
lulose, and water. Therefore, cellulose is not dissolved under mild 
conditions of the HTC process. Lignin is a 3D polymer of hydroxyl 
phenylpropane monomers and has a complex and insoluble struc¬ 
ture whose integrity cannot be destroyed under HTC conditions 
(Zhang et al., 2008). 

Karanj ( Pongamia pinnata ) is a medium-sized evergreen forest 
tree that belongs to the Leguminosae family. The tree is native to 
tropical and temperate areas, including Australia, Bangladesh, 
China, Florida, India, Japan, and Malaysia. Karanj is a drought-resis¬ 
tant, semi deciduous, and nitrogen-fixing leguminous tree (Bobade 
and Khyade, 2012). The fruit or pod is approximately 1.7-2 cm long, 
1.25-1.7 cm wide, and 1.5-2 g heavy (Meher et al., 2009). Karanj 
oil is one of the potential non edible bio-oils collected from the 
seeds. The seed contains 27-39% oil, 20-30% protein, and a group 
of furano-flavonoids constituting 5-6% of the weight of the oil 
(Bringi, 1987). Large amounts of karanj fruit hull (KFH) waste are 
generated after the seeds are collected for bio-oil production. This 
type of waste has no economic importance but can be used as bio¬ 
mass for energy generation. 

This study investigates the pyrolysis kinetics of KFH and karanj 
fruit hull hydrothermal carbonization (KFH-HTC) hydrochar by 
using thermogravimetric analysis. The literature on the efficacy 
of using HTC as biomass pretreatment for pyrolysis is scarce. Ther¬ 
mogravimetric analyses were performed at three different heating 
rates (5 °C/min, 10 °C/min, and 20 °C/min) under a nitrogen atmo¬ 
sphere. Kinetic parameters were determined with the isoconver¬ 
sional Flynne-Wall-Ozawa (FWO), Kissinger-Akahira-Sunose 
(KAS), and Coats-Redfern methods. 


2. Experimental 

2.1. Materials 

Karanj fruit was collected from the Engineering Campus of 
Universiti Sains Malaysia, Malaysia, on June 2014. The pod was 
separated from the seed with a wooden hammer, and then the 


extracted seedless pods were washed with normal water to 
remove dirt. The karanj seedpods were dried through open-air 
sun drying for 3 days and later with an oven at 105 °C for 24 h. 
The materials were ground to 200 pm to 500 pm particles and 
were named as KFHs for further experiments. 

The hydrochar of KFH was prepared as follows: 5 g of powdered 
KFH and 100 mL of distilled water were placed in a 200 mL stain¬ 
less steel hydrothermal reactor. The reactor was sealed and heated 
at 200 °C for 5 h at 5 °C/min and then cooled down at room tem¬ 
perature. The char was recovered as a solid coal-like residue desig¬ 
nated as KFH-HTC hydrochar. The chars were washed several 
times with double-distilled water, followed by drying in an oven 
at 105 °C for 24 h. Thereafter, the dried char samples were kept 
in a plastic container for further pyrolysis study. 

2.2. Methods 

Proximate analysis was conducted according to ASTM (Ameri¬ 
can Society for Testing and Materials) established methods for 
moisture content (ASTM E871-82, 2006), ash content (ASTM 
E1755-01, 2007), volatile matter (ASTM D3175-02, 2005), and 
fixed carbon (ASTM E870-82, 2013) with the use of PerkinElmer 
TGA 7. The sample weight was 5 mg, and the N 2 flow rate was 
20 mL/min; the heating rate was maintained at 20 °C/min. 

CHNS were conducted on a PerkinElmer 2400 Series II CHNS/O 
Elemental Analyzer and O was estimated by difference. The heating 
values of the samples were determined with a bomb calorimeter 
model IKA C 200 according to German standard method (DIN 
51900-1, 2000). The cellulose, hemicellulose, lignin, and extractive 
contents of the samples were determined according to the meth¬ 
ods described by Li et al. (2004). 

The thermogravimetric experiment involved drying of both 
samples at 105 °C for 4 h prior to pyrolysis. The results presented 
were therefore on a dry basis. The pyrolysis process was analyzed 
with Perkin Elmer TGA 7. The sample weight was approximately 
5 mg and placed in a platinum TGA sample holder. The high pur¬ 
ity nitrogen (99.999%) gas was used as purge gas through main¬ 
taining the flow rate of 80 mL/min. The analysis was performed 
between 30 °C and 850 °C, and the temperature increase from 
30 °C to 110 °C was maintained for 10 min to completely remove 
the moisture content. Subsequently, the temperature continued 
to increase up to 850 °C. Three heating rates (i.e., 5 °C/min, 
10°C/min, and 20°C/min) were used to examine the pyrolysis 
of biomass. 

2.3. Kinetic modeling background 

The rate of solid state decomposition reaction can be stated as 
follows: 

§=k(T)f(<x) (V 

where a is the conversion during combustion, whereas da/dt 
represents the rate of conversion over time t. a. can be calculated 
with Eq. (2). 



where m 0 , m t , and m e refer to the sample mass at the initial period, 
time t, and the end, respectively. 

k(T ) is the reaction rate constant that may be explained by the 
Arrhenius law as 

k(n-Aexp(-|) 


( 3 ) 
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where E a is the activation energy of the reaction, A is the pre-expo¬ 
nential factor, R is the universal gas constant, and T is the absolute 
temperature. 

Now, Eq. (1) can be written as 

§- 3exp (-|r) /( “ ) (4) 

If the temperature increases with the constant heating rate fi, 
then [) = ^ x Therefore, Eq. (4) can be re written as follows: 

(5) 

where g(a) is the integral function of conversion. 

Therefore, Eq. (5) is the fundamental equation that is followed 
by all kinetic methods to determine the kinetic parameters during 
the pyrolysis process. 

2.3A. Kissenger-Akahira-Sunose method 

The KAS method (Kissinger, 1957; Akahira and Sunose, 1971) is 
based on the following expression: 



The plot of lnQ^ versus 1/T produced a straight line from 
where the slope determines the activation energy E a . 

2.3.2. Flynn-Wall-Ozawa method 

The FWO method is an isoconversional method (Ozawa, 1965; 
Flynn and Wall, 1966) derived from Doyle’s approximation 
(Doyle, 1961 ). The method is referred to as a “model-free” method. 
Therefore, the FWO method calculates the activation energy (E a ) 
without prior knowledge of the reaction mechanism. With Eq. 
(5), the reaction rate in logarithmic form can be expressed as 
follows: 

1 " ( «- 1 "() 5 m )- 5 - 33, - 1 052 ¥T < 7 > 

The slope of plot ln(/J) against 1/T at different heating rates 
determines the value of apparent activation energy E a when a is 
constant. 


2.3.3. Coats-Redfem method 

Coats and Redfern (1964) described the thermal decomposition 
mechanisms for mass loss. This method is a common integral 
kinetic method used to describe the reaction process during pyro¬ 
lysis. The Coats-Redfem method is also based on Eq. (5), that is, if 
2RT/£ a -> 0, then Eq. (5) can be expressed in the following logarith¬ 
mic way: 


(8) 


A plot of ln[g(a)/T 2 ] against 1/T provides a straight line. The acti¬ 
vation energy E a is calculated from the slope, whereas the pre¬ 
exponential factor A is intercepted from the plot. The theoretical 
explanation for the three kinetic mechanisms to calculate the 
g( a) values is presented in Table 1. The selection of appropriate 
mechanisms is based on the high determination of the regression 
coefficient (R 2 ) value. 


3. Results and discussion 

3.1. Characteristics of the biomass and hydrochar samples 

The biochemical and physical properties of KFH and KFH-HTC 
are presented in Table 2. The volatile matter of KFH biomass was 


Table 1 

Theoretical expressions of g/ct) to determine kinetic values by coats redfern method 
(White et at, 2011). 


Mechanism 

S(ot) 

Reaction order models 

First-order (FI) 

-ln(l-a) 

Second-order(F2) 

(1 — a) -1 -1 

Third-order(F3) 

1(1 — a) — 2 — l]/2 

Diffusion models 

One way transport (D1) 

a 2 

Two way transport (D2) 

[(1 - a) ln(l - a)] + a 

Three way transport Jander (D3) 

[1 - (1 - a) 1 ' 3 ] 2 

Ginstling-Brounshtein (D4) 

1 - (2a/3) - (1 - a) 2/3 

Geometrical contraction models 

Contracting area (R2) 

[l-(l-a) 1 ' 2 ] 

Contracting volume (R3) 

[1 (1 -a) 1 ' 3 ] 


84.16%, but the percentage of volatile matters considerably 
decreased to 66.63% after HTC. Similar results on the HTC of grape 
pomace biomass were reported (Pala et al., 2014). The fixed carbon 
of HTC char was higher than that of raw biomass, a finding indicat¬ 
ing that KFH-HTC hydrochar requires a long combustion time. Ash 
content is one of the most important indicators of combustibility 
and post combustion cost of energy materials (Sait et al., 2012). 
The ash content of hydrochar was relatively low (0.84%) compared 
with that of KFH biomass (5.79%). The high carbon content 
(71.81%) and the considerably low sulfur content (0.15%) of KFH- 
HTC also indicate that the quality of energy materials in hydrochar 
was better than that of the pristine biomass of KFH. Moreover, the 
improvement in C content after HTC may have occurred because of 
deoxygenating reactions (Berge et al., 2011 ). The chemical compo¬ 
sition of KFH and KFH-HTC shows that the amount of hemicellu- 
lose decreased from 47.28% to 27.99% after HTC, and the lignin 
content also decreased from 38.62% to 31.11%. A negligible change 
in cellulose content (0.29%) was observed after the conversion of 
KFH biomass into hydrochar because of the high degree of crystal¬ 
linity of the cellulose units. However, the extractive contents sig¬ 
nificantly increased from 2.37% to 8.09%. This high amount of 
extractives (mainly polyphenolic polymeric lignin) may be added 
during the degradation of lignin and subsequently integrated into 
KFH hydrochar via recondensation mechanisms under subcritical 
conditions. The high lignin content of KFH-HTC hydrochar makes 
it a potential energy-dense material that has a higher heating value 
(HHV) value (19.8 kj/g) than KFH biomass (16.54 kj/g). The strong 
positive correlation between lignin content and the HHV value of 
a lignocellulosic fuel was also observed by Demirba? (2001 ). 


3.2. Thermogravimetric analysis 

The weight loss and derivative weight loss curves of the KFH 
biomass and KFH-HTC hydrochar samples at different heating 
rates under a nitrogen environment are illustrated in Fig. 1. The 
pyrolysis process of KFH and KFH-HTC showed three distinct zones 
at different heating rates. In the first zone, moisture evaporation 
occurred at 20-250 °C and 30-300 °C for KFH and KFH-HTC, 
respectively. The corresponding heating rates at this zone were 
5°C/min, 10°C/min, and 20 °C/min, which resulted in 12.3%, 
11.29%, and 10.79% weight losses, respectively, for KFH, and 
5.19%, 4.88%, and 3.69%, respectively, for KFH-HTC. In the active 
second zone, the weight loss percentage obtained by the KFH 
raw biomass was higher than that obtained by KFH-HTC. The cell 
wall components of the KFH raw materials can be degraded at the 
temperature range of 250-450 °C. This result indicates that a high 
heating rate decreases the weight loss percentage. The main chem¬ 
ical components of the cell wall, such as cellulose and lignin for the 
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Proximate and ultimate analysis and chemical composition of KFH and KFH-HTC. 


Samples 

Proximate 

■ analysis 

(wt.%) 

Elemental analysis (wt.%) 

Chemical 

composition 



Bulk density 
(g/cm 3 ) 

HHV 

(kj/g) 


Moisture 

Volatile 

Fixed 

Ash C 

H 

O N 

S Cellulose 

Hemicellulose 

Lignin 

Extractives 

KFH 

3.71 

84.17 

6.33 

5.79 45.10 

6.13 

48.41 - 

0.36 11.73 

47.28 

38.62 

2.37 

0.51 

16.54 

KFH- 

HTC 

3.03 

66.64 

29.49 

0.84 71.81 

3.45 

24.60 - 

0.15 11.44 

27.99 

31.11 

8.09 

0.27 

19.80 


KFH biomass, quicldy devolatilized because hemicellulose is 
already decomposed during the first stage of pyrolysis. In the third 
zone, the weight loss percentage of the KFH raw biomass was less 
than that obtained in the second zone. Hydrochar already under¬ 
went different hydrothermal reaction mechanisms under 200 °C 
at ambient atmospheric pressure. Libra et al. (2011) state that 
hydrothermal conditions degrade hemicelluloses from 180 °C to 
200 °C, most of the lignin from 180 °C to 220 °C, and cellulose at 
high temperatures. During this process, a portion of some of the 
weakly bonded amorphous cellulose, hemicellulose, and lignin 
with all other water soluble extractives and other intermediate 
products are washed away by water and finally remain as solid 
hydrochar with strongly bonded cellulose, hemicellulose, and lig¬ 
nin via recondensation reactions. Therefore, the weight loss of 
KFH-HTC hydrochar in the second zone was less than that in the 
third zone. Finally, the complete volatilization of the KFH biomass 
and KFH-HTC hydrochar occurred at 450-650 °C and 410-750 °C, 
respectively, and contributed to a weight loss of 36.06-23.76% 
and 53.66-52.98%, respectively, under different heating rates. 
Fig. 1 a illustrates that no weight loss was detected for KFH biomass 
in the third zone at 5 °C/min, this result indicated that more than 
38% of lignin was unprocessed after 450 °C at low heating rate. This 


may be happen due to greater thermal resistance of lignin struc¬ 
ture. At low temperature a considerable portion of low thermal sta¬ 
ble functional groups are cleaved from the lignin structure to 
prevent further decomposition. 

The derivative weight loss percentage, which is related to the 
weight loss percentage (Fig. la and c), is shown in Fig. l(b and d) 
for both KFH biomass and KFH-HTC hydrochar. Similar observa¬ 
tions were made for the weight loss percentage of both KFH bio¬ 
mass and the KFH-HTC hydrochar derivative, except for KFH 
biomass at 5 °C/min. A large peak and a high peak temperature 
at high heating rates were observed for both KFH biomass and 
KFH-HTC hydrochar. Similar observations were also made in the 
pyrolysis kinetics of raw and hydrothermally carbonized loblolly 
pine (Yan et al., 2012). 

3.3. Kinetic study 

In this study, three commonly used isoconversional kinetic 
methods, which are KAS, FWO, and Coats-Redfern, were used to 
determine the major kinetic parameter values during the pyrolysis 
of KFH and KFH-HTC hydrochar samples. Eqs. (6) and (7) are used 
for the KAS and FWO methods. The linear plots are illustrated in 
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Fig. 2. Isoconversional plots at various conversion degrees (a) for both I<FH (up) and KFH-HTC hydrochar (down), (a and c) - KAS method; (b and d) - FWO method. 


Table 3 

Activation energy and pre-exponential values obtained by KAS and FWO methods. 


Samples a KAS 

Eras (kj/mol) R 2 


KFH-HTC 


72 

91 

93 

81 

40 

22 

61.06 


163 

159 

158 

130 

110 

103 

91 

130.49 


0.9285 

0.9690 

0.9608 

0.9180 

0.8112 

0.7669 

0.9329 


0.9944 

0.9952 

0.9994 

0.9997 

0.9876 

0.9677 

0.9583 


A (min ’) 
7.72E+04 
3.78E+06 
4.14E+06 
2.84E+05 
4.98E+01 
1.26E+00 
3.92E+00 
1.18E+06 
4.18E+11 
1.83E+11 
1.12E+11 
1.65E+08 
2.08E+06 
4.02E+05 
5.91 E+04 
1.02E+11 


FWO 


Efwo (kj/mol) 
77.56 
96.34 

98.54 
87.51 
48.40 

32.55 
38.83 
68.53 

165.52 

161.31 

161.49 

134.78 

116.63 

110.64 
100.74 
135.87 


R 2 


0.9428 

0.9744 

0.9677 

0.9344 

0.8754 

0.8842 

0.9650 


0.9951 

0.9959 

0.9995 

0.9997 

0.9903 

0.9751 

0.9691 


A (min ') 
4.68E+05 
1.63E+07 
1.85E+07 
1.76E+06 
1.28E+03 
9.97E+01 
2.45E+02 
5.29E+06 
6.94E+11 
3.35E+11 
2.17E+11 
5.39E+08 
1.07E+07 
2.61E+06 
5.17E+05 
1.78E+11 


Fig. 2, and their corresponding values calculated from the slopes 
and intercepts at different degrees of conversion (a) are presented 
in Table 3. The average activation energy values for KFH biomass 
with the use of the KAS and FWO methods were 61.06 and 
68.53 kj/mol, respectively, whereas those for KFH-HTC hydrochar 
with the use of the same methods were 130.49 and 135.87 kj/ 
mol, respectively. These results indicate that the volatile materials 
of KFH raw biomass more easily decomposed than the components 
of the KFH-HTC hydrochar, and the rate of reaction in the former 
was also faster than that in the latter. In the hydrothermal process, 
volatile materials evolved from the KFH biomass but did not fully 
leach out of the reactor, so the majority of the volatile compounds 
again recondensed and accumulated on the hydrochar with a dif¬ 


ferent reaction mechanism. Yan et al. (2012) also made similar 
observations on the pyrolysis of raw and hydrothermally treated 
biomass. Fig. 3 shows the conversion curves with temperature at 
different heating rates. KFH biomass started to decompose at a 
lower temperature than the KFH-HTC hydrochar did. Table 3 
depicts that the activation energy decreased with an increase in 
the conversion factor a, but an exception was observed in KFH bio¬ 
mass. Generally, a high activation energy value is considered a bar¬ 
rier to a good biomass. During the initial stages of conversion (see 
Table 3) in both the KAS and FWO methods, the E a values were low 
(72 and 77.56 kj/mol, respectively, at a = 0.1), but these gradually 
increased to a conversion value a up to a certain limit. This phe¬ 
nomenon is attributed to the quick degradation of the wealdy 
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Temperature (°C) 



bonded amorphous cellulose and hemicellulose. After the weak 
bonds degraded, and then the all-crystalline cellulose also started 
to degrade, hemicellulose and lignin accounted for the further 
increase in activation energy (Lopez-Velazquez et al., 2013). 
Besides, in both samples, lignin content was very high than cellu¬ 
lose content thus, whole pyrolysis was mainly controlled by the 
lignin and its intermediate products during decomposition. At 
the beginning with temperature ranges from 100°C to 200 °C, it 
was very easy to decompose the KFH sample that resulted low acti¬ 
vation energy (less barrier for decomposition) but when lignin 
starts to degrade at 200 °C onwards, then highly reactive alkyl- 
aryl-ether bonds are cleaved from the lignin structure. This aryl 
ether instantly react with other functional groups of lignin inter¬ 
mediates and produce stable higher molecular mass of reaction 
products through self condensation reactions that are not easily 
decompose under moderate temperature resulted higher activa¬ 
tion energy but at temperature ranges from 650 °C to 750 °C these 
reaction products decomposed gradually (Brebu and Vasile, 2010). 
In the KFH-HTC hydrochar sample, this behavior was not observed 
because of the hydrothermal carbonization process that already 
degraded the unstructured cellulose and hemicellulose under mild 
temperature and pressure. The activation energy differs according 
to the changes in conversional value a and the methods used. 
Therefore, the decomposition reaction mechanism was not the 
same, and rather, a multi-step mechanism was involved during 
the entire process. The complex and heterogeneous nature of the 
biomass with highly cross-linked cell wall components of cellulose, 
hemicellulose, and lignin contributed to this outcome, with lignin 
acting as the main controlling agent. Therefore, identifying the 
appropriate heat- and mass-transfer mechanisms at different reac¬ 
tion stages is necessary to achieve complete degradation. The acti- 


Apparent activation energies and pre-exponential values obtained by Coats-Redfern 
method. 


Samples Zone Mechanism £ (kj/mol) R 2 A (m ’) 


KFH 2nd zone Third-order (F3) 44.09 

3rd zone Two way transport (D2) 30.10 
KFH-HTC 2nd zone Third-order (F3) 85.57 

3rd zone Two way transport (D2) 35.89 


0.9808 1.4E+01 
0.9658 6.0E-02 
0.9619 2.0E+04 
0.9906 9.7E-02 


vation energy for KFH-HTC was also consistent with the values 
obtained for the pyrolysis of cellulose (Pasangulapati et al., 2012) 
and corn straw (Gai et al., 2013). 

The Coats-Redfern method for thermogravimetric data was 
used for the calculation that involved a heating rate of 10 °C/min. 
Only the best-fitted mechanisms in different zones of the decom¬ 
position on the basis of the R 2 value are presented in Table 4. 
The third-order (F3) mechanism in the second zone and the two- 
way transport (D2) in the third zone were identified as effective 
solid state mechanisms for both KFH biomass and KFH-HTC hydro¬ 
char. Typically first order and second order reactions are followed 
during pyrolysis when cellulose content is higher than lignin con¬ 
tent in the lignocellulosic biomass (Butterman and Castaldi, 2010) 
but in this study from Table 2, it was observed that the both sam¬ 
ples contained higher lignin amount suggested pyrolytic decompo¬ 
sition was mainly regulated by the lignin and its intermediates. 
Thus, the complex nature of the lignin and higher thermal resistiv¬ 
ity below 500 °C due to various active functional groups in compar¬ 
ison to cellulose, lignin followed the higher reaction order of 3 
(Manya et al., 2003; Butterman and Castaldi, 2010) during pyro¬ 
lytic degradation. The activation energy values for the KFH and 
KFH-HTC hydrochar samples in the second zone (44.09 and 
85.57 kj/mol, respectively) were higher than those in the third 
zone (30.10 and 35.89 kj/mol, respectively). This result indicates 
that the second zone was the main critical zone during pyrolysis, 
where as the third zone was the easiest zone for the degradation 
of biomass because of physical and mechanical changes that pro¬ 
mote high combustibility. 

4. Conclusion 

The thermogravimetric pyrolysis process of KFH and hydrother- 
mally treated KFH was investigated under a N 2 environment at dif¬ 
ferent heating rates. The KFH-HTC hydrochar had higher heating 
value, lower ash and sulfur contents than KFH raw biomass. The 
maximum weight loss of KFH biomass was restricted in the tem¬ 
perature range of 250-450 °C, whereas that of the KFH hydrochar 
was 410-750 °C. The high lignin content mainly regulated the 
decomposition mechanisms of both raw biomass and hydrochar. 
This study suggests that HTC could be an efficient process for bio¬ 
mass conversion to prepare solid energy stock. 
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